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Edited by Jesus AvilaAbstract The aggregation of a recombinant lipase as inclusion
bodies (IBs) was studied directly within intact Escherichia coli
cells by FT-IR microspectroscopy. Through this approach, it
was possible to monitor in real time the diﬀerent kinetics of IB
formation at 37 and 27 C, in excellent agreement with the re-
sults of the SDS–PAGE analysis. Furthermore, insights on the
residual native-like structure of the expressed protein within IB
– both isolated and inside cells – were obtained by the secondary
structure analysis of the Amide I band in the IB FT-IR spectra.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipase1. Introduction
Expression of heterologous proteins in bacteria often results
in the formation of insoluble inclusion bodies (IBs) that accu-
mulate in the cytoplasm and/or in the periplasmic space of the
producing cells. Inclusion bodies occur by aggregation of
hydrophobic patches exposed on misfolded or partially folded
proteins and are probably related to an unbalanced ratio of the
overexpressed protein and the cellular components – chaper-
ones and folding helpers – devoted to its correct folding. The
current view about the structure and physiological signiﬁcance
of aggregation has recently evolved from considering IBs as
non-structured, inactive protein aggregates to dynamic struc-
tures that may be formed and dissolved according to the phys-
iology of expression [1]. Consistent with this view is the
concept that IBs may diﬀer in composition, structure, and ease
of refolding of the proteins contained therein. The ability to
monitor aggregation is an important issue in biotechnology
since it can help to set the best conditions for fermentation,
using IB accumulation as a measure of the productive phase.
Eﬀorts have been devoted to follow the dynamics of protein
aggregation mainly through the separation of insoluble aggre-
gates by technical approaches such as electrophoresis and opti-
cal microscopy [2]. In the last decade, FT-IR spectroscopy did
emerge as a powerful tool to explore diﬀerent aspects of the
process of protein aggregation [3–6]. More recently, the study
of aggregated recombinant proteins within intact cells has been*Corresponding author. Fax: +39 02 5519 1689.
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doi:10.1016/j.febslet.2005.04.085made possible by the use of FT-IR microspectroscopy on small
amounts of samples from fermentation broths [7]. In this
paper, we show how this approach is suitable to monitor the
kinetics of IB formation – in real time within intact cells –
by following the expression in Escherichia coli of a recombi-
nant lipase from Pseudomonas fragi (PFL) at two diﬀerent
temperatures of expression.
Furthermore, the secondary structure analysis of the Amide
I band in the FT-IR spectra of IBs – both isolated as well as
within the intact host cells – enabled us to obtain insights on
the residual native-like structure of the expressed protein.2. Materials and methods
2.1. Strains, media and growth conditions
The E. coli strain SG13009[pRep4] (Quiagen, CA, USA) was trans-
formed with plasmid pQE30 (Quiagen) and with the same plasmid
bearing the sequence coding for the lipase from P. fragi strain IFO
3458 (pQE-IFO) [8]. After overnight growth at 37 C, cultures were in-
duced by the addition of 0.4 mM isopropyl-1-thio-b-galactopyranoside
(IPTG) and further grown at 27 or 37 C with 150 rpm shaking rate.2.2. Inclusion body recovery
Culture samples (50 ml) were taken at diﬀerent times after induction
of gene expression, cells were recovered by centrifugation (15 min,
5000 rpm at 4 C) and lysis induced as reported [8]. Soluble fractions
were removed by centrifugation and stored at 20 C. The insoluble
pellets were resuspended in 50 mM Tris–HCl, 1 mM EDTA buﬀer,
pH 8.0, and sonicated (4 cycles of 1.5 min in ice). After 4 cycles of cen-
trifugation and resuspension in the same buﬀer, a compact pellet con-
taining inclusion bodies was obtained and resuspended in 200 ll buﬀer.
5 ll of each sample were analysed by SDS–PAGE on 12% gels.2.3. FT-IR microspectroscopy
Cell pellets, collected by centrifugation from 1.5 ml culture broth,
were dissolved in distilled water. 5 ll of the suspension were deposited
onto a BaF2 window and dried at room temperature for about 30 min.
Samples of extracted IBs were deposited and treated in the same way
as cell pellets.
FT-IR absorption spectra from 4000 to 600 cm1 were acquired in
the transmission mode by coupling the UMA 500 infrared microscope
– equipped with a nitrogen cooled MCT detector (narrow band,
250 lm) – to a FTS 40A spectrometer (Digilab-USA) at 2 cm1 reso-
lution, 20 kHz speed, 256 scan co-additions, and triangular apodiza-
tion. Absorption spectra with a low noise level were obtained by
setting the microscope aperture at about 100 lm · 100 lm [9]. The
background spectrum was collected before each measurement and no
baseline correction was required on the spectra. Spectra were only cor-
rected for possible residual water vapour.
A second derivative analysis of the spectra in the Amide I and
Amide II region was performed after a 15 point smoothing by the Sav-
itzky–Golay method (3rd polynomial, 13 smoothing points), using the
GRAMS/32 software (Galactic Industries, USA).blished by Elsevier B.V. All rights reserved.
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ative spectra were always normalized at the tyrosine band around
1515 cm1, in order to account for possible diﬀerences in the total pro-
tein content.3. Results and discussion
3.1. Detection of inclusion bodies in vivo by FT-IR spectroscopy
The presence of aggregates was investigated in intact E. coli
cells expressing the heterologous lipase by the FT-IR micro-
spectroscopy approach recently developed [7].
The infrared spectra of the producer and of control cells
(Fig. 1A), measured 8 h after induction at 37 C, i.e., underFig. 1. FT-IR microspectroscopy study of recombinant Pseudomonas
fragi lipase (PFL) expressed in E. coli. (A) FT-IR absorption spectra of
the producer E. coli cells expressing PFL (–––) and of the control cells
(- - - -), measured 8 h after induction at 37 C. (B) Diﬀerence between
the producer cell spectrum and the control cell spectrum, reported in
(A). (C) Second derivative of the diﬀerence spectrum of (B) (–––) and
of the extracted inclusion body (IB) spectrum (  ). Marker band of
protein aggregates occurs around 1627.5 cm1 in both spectra. Second
derivative spectra were normalized at the tyrosine band around
1515 cm1 (see Section 2).conditions where the recombinant protein is fully aggregated
(see later), are characterized by two principal absorption bands
– Amide I and Amide II – due to the protein peptide bond
vibrations. As the control cells harbour the expression plasmid
without the lipase encoding gene, the two samples diﬀer only
by the expression of the recombinant lipase. Therefore, the dif-
ference between their spectra is expected to reﬂect the extent of
the recombinant protein production. To eliminate the contri-
bution of the total cell proteins not encoded by the lipase gene,
the control cell spectrum was then subtracted from that of the
producer cells (Fig. 1B) [7]. This diﬀerence spectrum represents
the spectral response of the heterologous protein within the
cells that can be better appreciated in the second derivative
spectrum (Fig. 1C). Indeed, the second derivative analysis of
the protein Amide I band [10–12] allows determining the pro-
tein secondary structure, since Amide I is a structure sensitive
band, being mainly due to the absorption of the carbonyl
C‚O group of the peptide bond. Interestingly, it has been
shown that the analysis of the Amide I band components en-
ables also the detection of protein aggregates [4,6,7,13], which
are not easily monitored by other optical spectroscopies.
The second derivative of the Amide I band shows (Fig. 1C)
two principal components at 1656.2 and 1627.5 cm1, that can
be assigned, respectively, to the a-helix secondary structure
component and to protein aggregates [10,11]. PFL has been
predicted to be an a/b protein [8]. However, the b-sheet com-
ponent is not evident in the spectrum at this fermentation
stage, when protein aggregation was found to be the dominant
event, as it will be shown later. In order to conﬁrm that the
Amide I component at 1627.5 cm1 can be assigned to protein
aggregation within IBs, we report in Fig. 1C the spectrum of
IBs extracted from the producer cells – at the same time after
induction and at the same temperature. The spectrum of ex-
tracted PFL IBs is almost identical to that of PFL within intact
cells at this stage of production. In the two spectra, the aggre-
gate band occurs at the same peak position, indicating that the
1627.5 cm1 band in the spectrum of intact cells can be
unequivocally assigned to PFL IBs.
3.2. Kinetics of inclusion body formation under diﬀerent
expression conditions
Several studies have shown that the aggregation of overex-
pressed recombinant proteins can be partly controlled by slow-
ing down the rate of heterologous expression, i.e., by reducing
the amount of inducer or by growing cells at sub-optimal tem-
perature. Moreover, the P. fragi lipase is a cold-adapted en-
zyme characterized by low stability even at moderate
temperatures and therefore prone to spontaneous denaturation
under standard production conditions [Santarossa et al. per-
sonal communication]. For these reasons, the yield of active re-
combinant PFL and its aggregation kinetics are expected to be
deeply aﬀected by the temperature of the fermentation process.
We therefore explored the potential of the FT-IR method to
monitor the kinetics of PFL IB formation in vivo at diﬀerent
temperatures. To this aim, induced cultures were grown at
two temperatures – 27 and 37 C – and their FT-IR spectra
were measured at diﬀerent production times.
According to the procedure described in Fig. 1, the second
derivatives of the diﬀerence between the producer and control
cells spectra grown at 37 are reported in Fig. 2A, where data
from cell pellets collected immediately after induction (t = 0),
after 3 h 30 0 and 6 h are shown. The derivative spectrum at
Fig. 2. Kinetics of PFL inclusion body formation within intact cells.
(A) PFL expression at 37 C: second derivative of the producer cell
spectrum after subtraction of control cell spectrum. Second derivative
spectra of cells taken immediately after induction (  ), after 3 h 30 0
(- - -), and after 6 h (–––) are reported. (B) PFL expression at 27 C:
second derivative spectra as in (A). (C) Intensity of the aggregate band
at 1627.5 cm1 – in the spectra of (A) and (B) – versus time after
induction, at 37 C (–}–) and 27 C (–D–). For 37 C, we report for
comparison the time dependance of the aggregate intensity taken
directly in the second derivative spectrum of the producer cells,
without subtraction of the control cell spectrum (–s–). Second
derivative spectra were normalized at the tyrosine band around
1515 cm1 (see Section 2).
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Amide I region at 1658.9 and 1640.3 cm1, that can be, respec-
tively, assigned to the a-helix and b-sheet structures of the pro-
tein, predicted by 3D model of this protein [8]. No aggregate
component around 1627 cm1 is evident in this spectrum. This
result suggests that – at this initial stage – the protein is ex-
pressed in its soluble form and no aggregation occurs. As a
consequence of induction, the native b-sheet component de-
creases in the sample taken at 3 h 30 0 after induction. Simulta-
neously, the 1627.5 cm1 component arises, indicating that the
aggregation process is at work at this time after induction inpresence of higher concentrations of intracellular recombinant
protein. At this stage, the a-helix component of the protein,
even if reduced, still displays a signiﬁcant intensity. Six hours
after induction, the spectrum is dominated by the aggregate
band with an important residual a-helical component, that is
also observed in both intact cells and in the extracted IBs taken
at later stages (compare with Fig. 1C). These results suggest
that at 37 C PFL is accumulated as IBs after 6 h of induction,
with the protein sequestered therein still maintaining a residual
native a-helix component [3].
The kinetics of IB formation at 27 C is illustrated in Fig. 2B.
The second derivative of the diﬀerence between the producer
and control strain spectra at t = 0, as expected, was identical
to the t = 0 spectrum at 37 C (Fig. 2A). In samples withdrawn
at later stages of the fermentation, we observed a decrease of
the secondary structure components of PFL and a simulta-
neous growth of the 1627.5 cm1 aggregate band, that at this
temperature appears to be delayed as shown in Fig. 2C, where
the data of the two fermentations are compared. As expected,
at the more permissive temperature IBs accumulate at a lower
rate than that at 37 C. At this temperature, as indicated by
the rising of the 1627.5 cm1 band, IB deposition starts imme-
diately after induction and reaches a plateau after 6 h. On the
contrary, at 27 C aggregation is evident 1 h after induction
and proceeds at a much lower rate (Fig. 2C).
It is interesting to point out that, when the recombinant pro-
tein is expressed at high levels as IBs, the FT-IR detection of
IB formation can be easily done by evaluating the aggregate
band intensity directly in the second derivative spectrum of
the producer cells [7]. In this case, the intense aggregate band
is not hidden by the overall absorption of the total cell protein
content, not requiring the subtraction of the control cell spec-
trum. As shown in Fig. 2C for the PFL expressed at 37 C, this
simpliﬁed approach allows monitoring – in an easy and rapid
way – the kinetics of IB formation, in excellent agreement with
the subtraction method described above.
Results obtained by FT-IR were compared with the SDS–
PAGE analysis performed on both soluble and insoluble frac-
tions obtained from the same culture samples (Fig. 3). As can
be observed in Fig. 3A, the aggregated recombinant protein is
detectable 1 h after induction, in higher amount at 37 C. At
every time after induction, the process of accumulation is more
evident when cells are cultured at higher temperature as can be
seen in Fig. 3A by comparing the SDS–PAGE for 27 and
37 C. Both spectroscopic and electrophoretic analysis suggest,
therefore, that the recombinant protein is more prone to aggre-
gation at 37 C. Indeed, 10 h after induction, soluble rPFL can
be detected only at the lower temperature (Fig. 3B, lane 4).
This protein is active in standard lipase assays (data not
shown). Results by FT-IR analysis and SDS–PAGE are in
excellent agreement as a direct correlation between the aggre-
gate-speciﬁc signals and the presence of IBs was observed.
3.3. Structural information on the recombinant PFL within IBs
The analysis of the Amide I band in the FT-IR spectra, as
already pointed out by Fink and collaborators [3], indicates
that structural information can be obtained about the recom-
binant protein within IBs that possibly reﬂects diﬀerent mech-
anisms or pathways of aggregation. In this context, it is
interesting to compare the spectral responses at 6 h reported
in Fig. 2A (37 C) and B (27 C). At 27 C, the intensity of
the a-helix component exceeds that of the aggregates, while
Fig. 4. FT-IR second derivative spectra of PFL extracted IBs. (A) IBs
produced at 27 C (–––), 10 h after induction. (B) IBs produced at
37 C (  ), 10 h after induction. Second derivative spectra were
normalized at the tyrosine band around 1515 cm1 (see Section 2).
Fig. 3. SDS–PAGE analysis of recombinant PFL produced in E. coli as soluble and insoluble fractions. (A) IBs accumulated at 27 C (lanes 1–5) and
at 37 C (lanes 6–10). Samples were taken at diﬀerent times after induction: 0 h (lanes 1 and 6), 30 0 (lanes 2 and 7), 1 h (lanes 3 and 8), 3 h 30 0 (lanes 4
and 9) and 10 h (lanes 5 and 10). (B) Soluble protein fractions obtained from cells grown at 27 C (lanes 2, 4) or at 37 C (lanes 1 and 3) at 0 h (lanes 1
and 2) and 10 h after induction (lanes 3 and 4). Lane 5: 4 lg puriﬁed rPFL.
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37 C. This spectral diﬀerence is even more clear when the
spectra of IBs extracted at 10 h after induction are compared
(Fig. 4). The diﬀerence in the relative intensity between a-helix
and aggregate components in extracted IBs indicates a diﬀer-
ent residual secondary native-like structure of the protein at
the two temperatures. These results, therefore, suggest that
PFL might assume diﬀerent conformational states within IBs
depending on the fermentation conditions, adding evidence
to what already pointed out in the literature [3,14].
Acknowledgements: The authors are grateful to A. Villaverde for help-
ful discussions and for reading the manuscript. This work was sup-
ported by grants F.A.R. (Fondo di Ateneo per la Ricerca) to
S.M.D. and M.L and of Consorzio Interuniversitario per le Biotecnol-
ogie. D.A. acknowledges the ﬁnancial support from INFM.References
[1] Carrio, M.M. and Villaverde, A. (2001) Protein aggregation as
bacterial inclusion bodies is reversible. FEBS Lett. 489 (1), 29–33.[2] Carrio, M.M., Corchero, J.L. and Villaverde, A. (1998)
Dynamics of in vivo protein aggregation: building inclusion
bodies in recombinant bacteria. FEMS Microbiol. Lett. 169 (1),
9–15.
[3] Oberg, K., Chrunyk, B.A., Wetzel, R. and Fink, A.L. (1994)
Nativelike secondary structure in interleukin-1 beta inclusion
bodies by attenuated total reﬂectance FTIR. Biochemistry 33 (9),
2628–2634.
[4] Seshadri, S., Khurana, R. and Fink, A.L. (1999) Fourier
transform infrared spectroscopy in analysis of protein deposits.
Method Enzymol. 309, 559–576.
[5] De Bernardez Clark, E. (2001) Protein refolding for industrial
processes. Curr. Opin. Biotechnol. 12, 202–207.
[6] Umetsu, M., Tsumoto, K., Ashish, K., Nitta, S.,
Tanaka, Y., Adschiri, T. and Kumagai, I. (2004)
Structural characteristics and refolding of in vivo aggre-
gated hyperthermophilic archaeonproteins. FEBS Lett. 557
(1–3), 49–56.
[7] Ami, D., Bonecchi, L., Calı`, S., Orsini, G., Tonon, G. and Doglia,
S.M. (2003) FT-IR study of heterologous protein expression in
recombinant Escherichia coli strains. BBA General Subjects 1624,
6–10.
[8] Alquati, C., De Gioia, L., Santarossa, G., Alberghina, L.,
Fantucci, P. and Lotti, M. (2002) The cold-active lipase of
Pseudomonas fragi. Heterologous expression, biochemical cha-
racterization and molecular modeling. Eur. J. Biochem. 269 (13),
3321–3328.
[9] Orsini, F., Ami, D., Villa, A.M., Sala, G., Bellotti, M.G. and
Doglia, S.M. (2000) FT-IR Microspectroscopy for microbiolo-
gical studies. J. Microbiol. Meth. 42, 17–27.
[10] Tamm, L.K. and Tatulian, S.A. (1997) Infrared spectroscopy of
proteins and peptides in lipid bilayers. Q. Rev. Biophys. 304, 365–
429.
[11] Haris, P.I. and Severcan, F. (1999) FTIR spectroscopic charac-
terization of protein structure in aqueous and non-aqueous
media. J. Mol. Catal. B 7, 207–221.
[12] Haris, P.I. and Chapman, D. (1994) Analysis of polypeptide and
protein structures using Fourier transform infrared spectroscopy
in: Methods in Molecular Biology (Jones, C., Mulloy, B. and
Thomas, A.H., Eds.), Microscopy, Optical Spectroscopy, and
Macroscopic Techniques, vol. 22, pp. 183–202, Humana Press,
Totowa, NJ.
[13] Natalello, A., Ami, D., Brocca, S., Lotti, M. and Doglia, S.M.
(2005) Secondary structure, conformational stability and glyco-
sylation of a recombinant Candida rugosa lipase studied by
Fourier-transform infrared spectroscopy. Biochem. J. 385, 511–
517.
[14] Carrio, M.M., Cubarsi, R. and Villaverde, A. (2000) Fine
architecture of bacterial inclusion bodies. FEBS Lett. 471,
7–11.
